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Abstract 
The knowledge of deformation behavior and strain homogeneity is essential to design a sound ECAP die. Thus, the 
current study dealt with the influence of channel angle on the deformation behavior and strain homogeneity in ECAP 
by conducting finite element simulations with COSMOS for a range of channel angles along with the consideration of 
strain hardening of the material and friction. Complicated and smooth deformation behaviors are observed with ĳ 
<110ƕ and ĳ110ƕ, respectively. Effective strain variation across the width at the centre of the sample showed that 
strain homogeneity is greater with ĳ =110ƕ compared to the other channel angles. The effective plastic strain index of 
inhomogeneity decreased with the number of ECAP passes. From the experimental and FEM results, ĳ =110ƕ and 
130ƕ was found to give higher homogeneity than ĳ =70ƕ and 90ƕ. 
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Selection and/or peer-review under responsibility of Society for Resources, Environment and Engineering 
Keywords: Equal channel angular pressing; Finite element analysis; Channel angle; Deformation zone; HS6061-T6 
1. Introduction
Equal channel angular pressing (ECAP) is a novel severe plastic deformation (SPD) technique widely
used for fabrication of bulk nanostructured materials, consolidation of powder materials, and property 
enhancement of tubular materials [1]. The microstructure and mechanical properties of the deformed 
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materials are strongly dependent on the amount of strain induced and strain homogeneity achieved during 
the ECAP [2]. The principle of ECAP has been discussed in many different works. To process a variety 
of materials (ranging from ductile to brittle), one of the main requirements is an appropriate ECAP die. In 
order to design a sound ECAP die, knowledge regarding the deformation behavior and strain 
homogeneity is essential [6-8]. A large number of finite element studies were carried out to identify the 
above. They include the plastic deformation analyses of metallic materials during ECAP [9], the correct 
selection of die channel in ECAP [10], die design for homogeneous plastic deformation during ECAP 
[11], FEM analysis of ECAP in strain rate sensitive metals [12], texture evolution [13], modified ECAP 
processing [14], bending behavior [15], and the die corner gap formation in ECAP [16]. Howeverˈthere 
is lack of systematic studies to understand the influence of channel angle on the deformation behavior and 
strain homogeneity of aluminum alloys HS6061-T6 in ECAP. In the current work, influence of channel 
angle on the deformation behavior and strain homogeneity of the aluminum alloys HS6061-T6 was 
studied by conducting the finite element simulations for a range of channel angles from 50~150ƕ along 
with the consideration of friction and strain hardening of the material.  
2. Finite element analysis 
The die used for ECAP, shown in Fig. 1, consists of two channels of equal cross sectional area 
intersecting at an angle of ‘ĳ’ and with an outer corner angle of ‘ȥ’. A well lubricated sample (or) billet is 
inserted into the entry-channel and extruded into the exit-channel by a punch [17].  
 
Fig. 1 Schematic diagram of ECAP 
During the deformation the equivalent plastic strain/effective strain ‘İ’ induced in the material is 
calculated by Eq. (1) [4, 5], which shows that the strain induced is mainly influenced by channel and 
outer corner angles. In addition to that the strain induced is also influenced by strain hardening of the 
material and influence of friction between the die and sample. The strain induced during the deformation 
influences the microstructure and mechanical properties of the deformed materials [18].  
In the present work the deformation homogeneity of aluminum alloys HS6061-T6 was investigated 
using 3D FEM simulations for multiple passes. The commercial finite element code COSMOS was used 
to carry out all simulations. Simulations were carried for a range of channel angles ĳ = 50~150ƕ with an 
increment of 20ƕ. Lower dead zone formation and lack of detrimental effects were observed with the 
same outer corner angle in our earlier studies [6].  
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The aluminum alloy (high strength) HS6061-T6 is widely used in the wheel industry. The components 
of HS6061-T6 as the follow: Cu 0.15~0.4, Si 0.4~0.8, Fe 0.7, Mn 0.15, Mg 0.8~1.2, Zn 0.25, Cr 
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0.04~0.35, Ti 0.15.The mechanical performance of HS6061-T6 after special heat treatment in our 
experiment: tensile strengthǻb҆350 MPa,ǻ0.2҆180 MPa [9]. Sample/billet with dimensions of 200 
mm×40 mm×100 mm (l×b×t) was considered for simulations. The die and punch were modeled with 
analytical rigid elements. All simulations were performed with a speed of 1 mm/s. Adaptive meshing and 
mass scaling were used for all the simulations to prevent failure of the mesh during large deformations 
and to reduce the time of computation, respectively. Smooth fillet radius (0.030b) at the inner corner was 
chosen to avoid the convergence problems. 
 
 
Fig. 2 Different stage of deformation for three different channel angles 
3. Results and discussion 
3.1. Deformation behavior 
The deformation behavior is explained in the form of deformation steps and corner gap/dead zone 
formation for different channel angles. Fig. 3 shows the deformed mesh in different stages of deformation 
for six different channel angles. Deformation is taking place in three stages with acute channel angles (ĳ 
d110ƕ), and in two stages with perpendicular and obtuse channel angles (ĳ!110ƕ). With ĳ =50ƕ,70ƕ, 90ƕ 
and 110ƕ, the front left corner of the Sample sticks to the bottom of the die, fills the entire die, and only 
then the deformation starts. Where as with ĳ = 130ƕ and 150ƕ the right corner of the sample sticks to the 
bottom of the die and deformation starts immediately thereafter [19].This shows that the deformation of 
the alloys HS6061 is more complicated with acute channel angles compared to obtuse channel angles, the 
same issue is discussed in most of the earlier FE reports on ECAP [6–11, 20], such as the FEM 
calculation result of A.V. Nagasekhar [20]. Corner gap/dead zone formation is the major factor for no 
uniform strain distribution (strain heterogeneity) in ECAP of soft smooth materials with ĳ110ƕ 
(observable in Fig. 3-d~f). The difference of the corner gap/dead zone formation between the soft smooth 
materials and the hardening material is that ĳ =110ƕ. To prevent the dead zone formation, researchers 
opted for high friction coefficients, the introduction of outer corner angle, and application of back 
pressure. But this dead zone problem was easily overcome by acute channel angles (ĳ <110ƕ, observable 
in Fig. 3-a~c). In addition, when ĳ =110ƕ, the corner gap formed is very small (observable in Fig. 3-d) 
due to the lower outer corner angle and the influence of friction. With ĳ >110ƕ the corner gap is increased 
with the increase in channel angle. With ĳ =150ƕ corner gap is observable at both the places, i.e. inner and 
outer corners. The shape of the front end of the deformed sample is more uniform with ĳ =110ƕ compared 
to all other channel angles [21].  
3.2. Deformation zone 
Strain homogeneity in the ECAP is mainly dependent on the simple shear deformation. According to 
the theory of the ECAP, simple shear is confined to the thin layers at the crossing plane of the channels 
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[22]. Simple shear deformation can be inferred from the effective strain rate or effective stress contours in 
the deformation zone, as shown in Fig. 3e and Fig. 3f. [23]. 
It is shown at the middle of the total deformation step to know the actual (steady state) deformation 
behavior. Inadequate length of the plastic zone (max. effective stress contours at the die diagonal from the 
inner corner to outer corner) is observable with channel angles ĳ = 110ƕ, 130ƕ and 150ƕ. Very wide plastic 
zone is observable with ĳ =50ƕ, 70ƕ and 150ƕ. All these Simulation results clearly indicate that the 
deformation is deviating from simple shear. In addition, splitting of the plastic zone near the outer corner 
is also observable with ĳ =70ƕ and 90ƕ. 
 
 
  
 
 
 
 
(a)
(b)
(d)
(e)
(e)
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Fig. 3. Different stage of deformation for six different channel angles.(a)50ƕ;(b)70ƕ;(c)90ƕ;(d)110ƕ;(e)130ƕ;(f)150ƕ; 
The splitting and inadequate plastic zones indicate the regions which were not subjected to plastic 
deformation, which as awhile reduce strain values. Continuous and comparatively thin stress contours of 
plastic zone with ĳ =110ƕ and 130ƕ show that the strain homogeneity is possible with these two channel 
angles. 
3.3. Effect of ECAP number of passes on inhomogeneity index in effective plastic strain. 
The in homogeneity indices of the effective plastic strain for the different channel angles are shown in 
Fig. 4. It can be observed that the deformation homogeneity increased with the increasing number of 
ECAP passes and the channel angles. This trend was confirmed from the experimental results. Therefore, 
ECAP route needs to be selected, depending on the purpose of the processing, i.e. homogenization or 
grain refinement [24]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4 Effect of ECAP number of passes on inhomogeneity index in effective plastic strain. 
4. Conclusions 
Influence of channel angle on deformation behavior and strain homogeneity of aluminum alloys 
HS6061-T6 during ECAP was studied by conducting finite element simulations for a range of channel 
angles 50~150ƕ by COSMOS, along with the consideration of strain hardening of material and friction. 
The deformation behavior is more complicated and taking place in three stages with channel angles ĳ 
<110ƕ. It is smooth and taking place in two stages with ĳ110ƕ. Comparatively thin and adequate length 
(f)
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of plastic zone at the die diagonals is observable with ĳ =110ƕ and 130ƕ by indicating the possibility of 
strain homogeneity. Effective strain contours across the width at the centre of the sample show that strain 
homogeneity is greater with ĳ =110ƕ compared to all other channel angles. The effective plastic strain 
index of inhomogeneity decreased with the number of ECAP passes. From the experimental and FEM 
results, ĳ =110ƕ and 130ƕ was found to give higher homogeneity than ĳ =70ƕ and 90ƕ. The 3D FEM 
simulation can be successfully used to find the variations of strain with the number of passes, processing 
route, and Cu content in HS6061-T6 alloys. 
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